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endosperm of total grain area, percentage of the floury endosperm surface, and vitreousness ratio surface hard:
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constructed using 168 SSR (simple sequence repeat) markers, which covered 1508 cM of the maize genome,
with an average distance of 9.0 cM. Close phenotypic and genotypic correlations were found for all traits, and
were all statistically significant (P = 0.01) at two locations. Major QTL for more than two traits were detected,
especially in two regions in bins 4.05-4.06 and 7.04-7.05, associated with 13 and 9 traits, respectively. This
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Abstract 
Improving maize starch content is of great importance for both forage and grain yield. In this 
study, 13 starch degradability traits were analyzed including percentage of the seedling area, floury 
endosperm, hard endosperm of total grain area, percentage of the floury endosperm surface, and 
vitreousness ratio surface hard: floury endosperm surface, etc. We mapped quantitative trait loci 
(QTL) in a biparental population of 309 doubled haploid lines (DHL) based on field phenotyping 
at two locations. A genetic linkage map was constructed using 168 SSR (simple sequence repeat) 
markers, which covered 1508 cM of the maize genome, with an average distance of 9.0 cM. Close 
phenotypic and genotypic correlations were found for all traits, and were all statistically significant 
(P = 0.01) at two locations. Major QTL for more than two traits were detected, especially in two 
regions in bins 4.05-4.06 and 7.04-7.05, associated with 13 and 9 traits, respectively. This study 
contributes to marker assisted breeding and also to fine mapping candidate genes associated with 
maize starch degradability. 
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Introduction 
Forage maize is a primary energy feed for dairy cows. In addition to stover digestibility, 
the degradation of starch in the rumen is another important criterion of forage maize quality. Starch 
is the main component of corn grain, accounting for approximately 75% of the dry matter yield of 
the grain, and is the predominant energy source in the dairy industry (Ferraretto, 2012). Starch 
degradation characteristics largely determine the feeding value of forage maize (Canizares et al., 
2011). More than 85% of starch is present in corn endosperm, and genes associated with 
endosperm starch biosynthesis were identified, such as amylose extender (ae), brittle2 (bt2), 
shrunken2 (sh2), and sugary1 (su1) (Bae et al., 1990; Goldman et al., 1993; James et al., 1995; 
Martin & Smith, 1995; Hannah et al., 2001; Georgelis et al., 2007).  
Starch is the primary carbohydrate energy source for seed germination. Starch can be 
degraded by hydrolysis or phosphorolysis with enzymes including α-Amylase, β-Amylase, and 
debranching enzymes (Scheidig et al., 2002; Subbarao et al., 1998). Starch is also an important 
substrate to ensure rumen fermentation, resulting in a large amount of propionic acid, which is an 
important source of energy. Starch degradation of maize kernels in rumen fluid is mainly 
influenced by starch content, composition of the starch (amylose, amylopectin) and physical 
properties of the starch (Stevnebø et al., 2006). Depending on the usage, performance and animal 
feeding level of forage maize, different biodegradabilities of the rumen are desirable. 
Understanding the genes related to starch degradation and their characteristics is helpful for genetic 
improvement of silage quality. 
Digestible starch content in silage maize is crucial to increasing milk production. Physico-
chemical properties of endosperm starch can be modified by genes like waxy (wx) and su2 (Boyer 
& Liu, 1985), resulting in genetic variation for starch degradability. The starch from su2 and wx 
genotypes can be quickly degraded, while degradability increases five-fold, when combining both 
genes (Inouchi et al., 1987). The opaque endosperm2 (o2) gene alters protein composition of 
maize endosperm and influences starch digestibility. The softer less-dense grain texture of o2 grain 
directly improves starch availability (Lebaka et al., 2007). However, none of these genes was 
found to be associated with type of endosperm, i.e., floury and hard endosperm, which determines 
the ruminal starch degradability. 
Significant genotypic variation exists between flint and dent genotypes (Philippeau et al., 
2000). Flint genotypes usually have a higher vitreousness (Philippeau et al., 1999b), which can be 
visually appraised. Vitreousness corresponds to the ratio between hard (vitreous) and floury 
endosperm, and has been used to assess the type of corn endosperm (Ngonyamo-Majee et al., 
2008a, b; Fox & Manley, 2009). Vitreous endosperm has been demonstrated to be negatively 
correlated with starch digestibility and milk yield of lactating dairy cows (Allen et al., 2008; Correa 
et al., 2002; Johnson et al., 2002b; Larson & Hoffman, 2008; Philippeau & Michalet-Doreau, 
1997). Increased starch degradability of floury and opaque endosperm corn was confirmed by both 
laboratory and in situ measurements (Lopes et al., 2009). A higher proportion of hard endosperm 
is associated with reduced ruminal starch degradability (Philippeau et al., 2000). However, 
laboratory measurements may not be well suited for determining starch degradability in ruminants, 
because maize kernels are usually dried and ground before starch degradability evaluation. High 
temperature might influence starch physical properties and further affect their degradation 
dynamics in the rumen (Rooney & Pflugfelder, 1986). 
In this study, we characterized QTL for starch degradability in a population of 358 doubled 
haploid lines (DHLs). The objectives of this project were to: 1) establish a novel method to identify 
starch degradability related traits, 2) identify and characterize QTL for forage maize starch 
degradability, 3) identify QTL associated with different sections of endosperm, and 4) determine 
the phenotypic and genotypic correlations among forage maize starch degradability traits. 
Materials and Methods 
Plant materials 
Plant materials used for this study is identical to a mapping population employed in a 
previous study for forage stover quality traits (Leng et al., 2018a). Briefly, a Flint × Dent (FD) 
population with 358 DHLs was used to investigate starch degradability characters. The FD-
population was developed by KWS SAAT AG, Einbeck, from breeding germplasm. The parental 
lines AS06 (Flint) and AS08 (Dent) were chosen for this study due to a good differentiation in 
grain quality. 
SSR assays and linkage maps 
SSR genotyping was performed in the laboratory of KWS (Einbeck, Germany). SSR 
markers were chosen in the maize database (MaizeGDB, http://www.maizegdb.org) in accordance 
with their bin locations distributed across the genome. Markers less than 2 cM from the nearest 
marker were removed. DNA was isolated using a standard CTAB (Cetyltrimethylammonium 
Ammonium Bromide) extraction method with modifications (Murray & Thompson 1980). 358  
lines from the FD population were genotyped with 168 SSRs, producing a 1508 cM long map at 
an average marker distance of 9.5 cM (Leng et al., 2018a). The linkage map was developed using 
JoinMap 3.0 (Van Ooijen & Voorrips, 2001) with a LOD threshold of 3.0. Linkage mapping and 
genetic map distance calculations were carried out by using the Kosambi mapping function 
(Kosambi, 1943).  
Field experiments 
In 2002, field experiments for the 358 FD lines were carried out in two locations (Bernburg 
& Grucking, Germany). The lines have been tested in experiments of 90 genotypes of the 
population and 10 checks as reported by Leng et al. (2018a). A 10  10 lattice design with two 
replications was used, the same as a previous report (Presterl et al., 2007). All trials were machine 
planted with a row length of 6 m, and an inter-row distance of 0.75 m. Lines were tested in one-
row experiments with a plot size of 2.25 m2. 
Starch determination 
Maize ears were harvested at maturity, although the question was related to starch 
degradability of silage maize. While starch degradability decreases with increasing dry matter 
content, the change equally affects all genotypes (Philippeau & Michalet-Doreau, 1998). Ears were 
picked on several dates, depending on flowering time, in order to rule out the effect of ripening on 
starch degradability. Ears were dried at about 40°C until the weight constancy. Subsequently, ears 
were evaluated for Fusarium or mold attack, and ears removed if infected by mold. In addition, 
some genotypes were discarded  because of unexpected variation among ears within rows. In total, 
309 genotypes entered the final analysis. A maximum of three typical ears were cold stored until 
further investigation. 
Starch degradability 
Starch degradability determination for large populations in ruminants is not a practical 
procedure and excess of starch degradation in rumen can lead to acidosis (Gressley et al., 2011). 
Under these circumstances, suitable indirect characteristics have to be defined. Two methods were 
selected to develop a NIRS (Near-infrared spectroscopy) calibration. On the one hand, the 
relationship between hard and soft endosperm, the vitreousness, was calculated through an image 
analysis method on grain longitudinal sections. Image-analytical detection of endosperm was 
described by Louis-Alexandre et al. (1991). For visual determination of the proportion of hard or 
mealy endosperm, five grains were removed from the middle region of each maize-cob and soaked 
in distilled water for 24 h and subsequently cut from the center using a razor blade. An image 
analysis software (Leica QWin Standard v 2.2 Copyright Leica Imaging Systems 1993-1997, Leica 
Microsystems Imaging Solutions Ltd, Germany) was used to determine the entire area, the area of 
the germ, and that of the mealy endosperm (Fig. 1). Further calculations were carried out with the 
mean of the individual measurements. Vitreousness was calculated as the ratio of hard (yellow) to 
mealy (white) endosperm. Additional traits analyzed were percentage of the germ area, floury 
endosperm, and hard endosperm of total grain area (PGEG, PFEG, and PHEG), percentage of the 
floury endosperm surface of the entire endosperm (PFE), percentage of area of the hard endosperm 
of total endosperm surface (PHE), vitreousness ratio surface hard: floury endosperm surface 
(VITR).  
On the other hand, starch degradability was estimated with the Hohenheim feed value test 
(HFT, Menke et al., 1979). Gas formation during degradation of the maize grain was determined 
at the Institute for Animal Nutrition, University of Hohenheim, on a mixed sample of ground 
kernels. Gas formation after different time periods of incubation (GP) was analyzed, a higher gas 
formation at a defined time point corresponds to a higher starch degradability.  
The recording of NIRS spectra and statistical evaluation of all spectra were carried out with 
the equipment, which was used to determine stover quality (Leng et al., 2018a). For the NIRS 
measurement, around 25-30 g of kernels was ground to 1 mm. In addition, the spectra of whole-
grains were recorded with NIT (near infrared transmission). For calibration development, 
approximately 140 samples were selected from the FD population, which were analyzed by both 
image analysis and HFT. Two thirds of the data were used for calibration and one third for 
validation. These data as well as the values estimated using the calibration equations were 
compared with those of a calibration equation with inclusion of all values. Since the results of the 
two calibration equations did not differ, the equations with all test lines were used to evaluate the 
spectra. 
Data analysis 
The experimental plant was part tested, a 10  10 lattice design with two replications. The 
lines of the population was divided into four sets of 90 lines. Each set contained 90 DHLs and 10 
checks. Analyses of variance were performed according to Cox & Cochran (1957). Adjusted entry 
means and effective error mean squares were used to compute the combined analyses of variance 
across environments for each experiment. Heritability coefficients were estimated with 95% 
confidence intervals (Knapp & Bridges, 1987) on an entry mean basis as the ratio between the 
estimated genetic σ2̂g and phenotypic variance σ̂2p. In addition, heritability estimates on a plot basis 
were computed (Wricke & Weber, 1986). The latter allows comparing traits that were recorded at 
different numbers of environments. Coefficients of genetic correlation and their standard errors 
(SE) were calculated from the analysis of variance and covariance according to Mode & Robinson 
(1959). All statistical computations were performed with the PLABSTAT software (Utz, 1993). 
Phenotypic and genotypic correlation coefficients were calculated according to Presterl at al. 
(2007).  
QTL mapping 
Associations between phenotypes and genotypes were detected using "composite interval 
mapping" (CIM) implemented in PLABQTL (Utz & Melchinger, 1996). PLABQTL follows the 
regression approach as proposed by Haley & Knott (1992) and extended by using cofactors. 
Cofactors were identified as previously described (Presterl at al., 2007). A LOD threshold (log10 
of the likelyhood odds ratio) of 3.0 was chosen for declaring a putative QTL significance. The 
QTL position was estimated where the LOD score reached its maximum in the region concerned. 
For each region, a 1-LOD support interval was constructed as described by Lander & Botstein 
(1989). The additive effects of QTL were estimated as half the difference between the phenotypic 
values of the respective homozygotes. Maize bins were given for each QTL as the position of the 
left flanking marker, according to MaizeGDB (http://www.maizegdb.org). 
Results 
Starch quality 
The starch content variation between flint and dent lines mentioned in the literature 
(Phillipeau et al. (1999b) were confirmed in this study. Furthermore, our data support that starch 
degradability can be assessed with indirect methods such as NIRS. Parental lines differed 
significantly for all starch degradability traits. Flint parent AS06 had a higher seedling proportion 
(20.1%) than dent parent AS08 (16.7%) (Table 1). The FD progeny ranged from 15.9% to 20.5% 
for PGEG (Table 1). The PFEG, PHEG, PFE, and PHE values for FD lines showed a wide range, 
such as 23.9%-55.0% for PFEG and 31.6%-53.8% for PHEG (Fig. 2), while there was no 
significant difference between Bernburg and Grucking (Table 1). DHLs transgressed their parents 
for all traits. AS06 has a higher percentage of hard endosperm and lower percentage of floury 
endosperm (PFEG and PFE) compared to AS08, consistent with image analysis (Fig. 3). 
Vitreousness related to the area as well as the seedling portion on the entire grain area showed a 
good repeatability and a clear difference between  Flint and Dent lines. Vitreousness of AS06 was 
significantly higher compared to AS08 (Table 1). Consistent with this, gas production (GP) of 
AS06 was lower than of AS08 (Table 1). 
Highly significant (P = 0.01) genotypic variance component estimates (σ̂2g) were obtained 
for all traits (Table 2), especially for traits related to floury and hard endosperm. Genotype by 
location interaction variance component estimates (σ2̂ge) were also significant (P = 0.01) for all 
traits, but were not as pronounced as respective σ̂2g values across the two locations. The error 
variance estimates (σ̂2) were lower compared to σ2̂g and σ2̂ge , respectively (Table 2). Heritabilities 
were high, ranging from 0.79 (GP2) to 0.90 (GP24), with small confidence intervals (Table 2). 
Correlations between the grain starch characteristics 
Close significant (P = 0.01) phenotypic (rp) and genotypic (rg) correlations were found 
among all investigated trait combinations, and highest rp and rg values were obtained between PFE 
and PHE (1.00) (Table 3). A close relationship was found between germination fraction and gas 
production after one and a half to two days of incubation. Negative rp and rg correlations were 
found between PGEG and floury endosperm characteristics like PFEG (rg = -0.73), PFE (rg = -
0.64), and gas production at all time points after incubation. PGEG was positively correlated with 
hard endosperm characteristics like PHEG and PHE (rg = 0.57, 0.65) (Table 3). VITR was 
negatively correlated with PFEG (rg = -0.97) and PFE (rg = -0.99), and positively correlated with 
PHEG (rg = 0.98) and PHE (rg = 0.99). Genotypes with a higher germ content had a higher 
proportion of hard endosperm and formed less gas (Table 3). The genetic correlation between 
vitreousness and gas production was weaker from 0.59 to 0.78. The best differentiation in gas 
production was achieved after 12 hours of incubation. The correlation coefficient of rg > 0.60 (P 
= 0.01) was determined between vitreousness and the gas production after 12 hours. 
QTL analysis 
In total, seven (seedling fraction) to nine (vitreousness) QTL were identified for starch 
degradability traits from the FD population distributed across 10 chromosomes except for 
chromosome 6, and explained between 38.2% to 76.5% of the phenotypic (r²p) and 32.7% to 55.3% 
of the genotypic variation (r²g) (Table 4). Except for seed fraction (PGEG), for which values were 
lower, more than 50% of the r²p and almost half of the r²g could be explained by those QTL. All 
QTL identified by the image analysis methods showed significant interactions with environment 
(P = 0.01, Table 4). Six QTL associated with PGEG, explained 38.2% of r²p, and 32.7% of r²g 
(Table 4) were identified. Eight QTL were detected for PFEG, jointly explaining 75.2% of r²p and 
49.4% of r²g (Table 4), three major QTL on chromosomes 2 (bin 2.02-2.03), 4 (bin 4.05-4.06), and 
7 (bin 7.05-05) explained > 10% of r²p (Table S1). For PFEG, eight QTL were detected in the FD 
population, explaining 63.6% of r²p and 45.9% of r²g, one major QTL on chromosome 7 (bin 7.05-
05) explained around 17.8% of r²p (Table S1). Nine QTL were detected for PFE, jointly explaining 
73.8% of r²p and 45.9% of r²g, including two major QTL on chromosomes 4 (bin 4.05-4.06), and 
7 (bin 7.05-05) explained 11.6% and 17.3% of r²p (Table S1). Eight QTL were detected for PHE, 
explaining 69.4% of r²p and 48.7% of r²g (Table 4), three major QTL on chromosomes 2 (bin 2.02-
2.03), 4 (bin 4.05-4.06), and 7 (bin 7.05-05) explained 10.3% to 16.3% of r²p (Table S1). For VITR, 
eight QTL were detected, explaining 64.2% of r²p and 48.0% of r²g (Table 4). Three major QTL 
on chromosomes 3 (bin 3.05), 4 (bin 4.05-4.06), and 7 (bin 7.04-05) had large r²p values (> 10%) 
(Table S1). Seven to nine QTL were associated with GP2 to GP48, explaining about 44.8% to 
70.8% of the r²p and 28.6% to 55.3% of the r²g (Table 4). One single QTL on chromosome 4 (bin 
4.05-4.06) was identified for gas production and explained > 10% of r²p for GP2, GP8, GP12, 
GP24, GP32 and GP48 (Table S1). Major QTL in bin 7.02 was associated with earlier gas 
production (GP2, GP4, GP8 and GP12). Chromosome regions in bins 2.02-03, 3.05, 4.05-06, and 
7.04-05 were associated with most starch degradability traits and explained > 10% of r²p, like 
PFEG, PHEG, PFE, HE, VITR (Table S1), consistent with close correlations among all 
investigated trait combinations (Table 3). Additionally, minor QTL in bins 1.08-09, 9.02, and 
10.06-07 also affected more than one trait. QTL for different traits clustering in common QTL 
regions fits the close correlation among all investigated trait combinations (Table 3). 
 Discussion 
Genetic variation for flint × dent lines 
The higher starch degradation of AS08 (Dent) than AS06 (Flint) can be attributed to the 
different type of endosperm with lower vitreousness in dent materials. There is a difference in 
ruminal starch degradability between flint and dent maize cultivars, which are different in the 
texture of endosperm (Verbic et al., 2005). Flint maize has a greater proportion of vitreous 
endosperm, consisting of hard vitreous starch (Ettle et al., 2001), while dent maize kernel starch is 
loosely bound in a starch-zein protein matrix (Fox & Manley, 2009). Philipeau et al. (1999a) 
compared eight dent and six flint varieties and found that effective ruminal degradability was on 
average 62% for dent and 46% for flint maize varieties. 
Endosperm effects on starch degradability 
Vitreousness and hardness are physical characteristics related to the strength of the starch-
protein matrix in the endosperm, due to differences in the interaction between the starch granules 
and the protein matrix of the endosperm (Delcour & Hoseney, 2010). Vitreousness has received 
great interest in ruminant nutrition as increased vitreousness is usually associated with reduced in 
situ ruminal starch and dry matter disappearance (Correa et al., 2002; Ramos et al., 2009). Starch 
content in the kernel was positively correlated with gas production, and also determines the starch 
degradation (Ali et al., 2014), resulted in higher rp and rg correlations among them. The best 
differentiation in gas production was achieved after 12 hours of incubation, in accordance with 
previous research that the GP of ground corn grains was low until 12 h after incubation (Seifried 
et al., 2016). Starch degradability in rumen fluid was negatively correlated with starch 
composition, i.e., amylose and amylopectin content. Higher starch degradation was observed in 
waxy (no amylose) and non-vitreous genotypes (Ali et al., 2014). Strong negative correlations 
between endosperm vitreousness and starch degradability in the rumen or gastrointestinal tract 
have been reported: as endosperm vitreousness increases, in situ starch degradability decreases 
(Correa et al., 2002; Lopes et al., 2009; Hoffman & Shaver 2009; Giuberti et al., 2013). This is 
also true in our study. VITR was always negatively correalated with GP (Table 3). The vitreous 
endosperm is hard with compact and polygonal starch granules, where starch granules are 
embedded in a thick protein matrix, leading to lower starch digestibility. Starch degradability 
variation was associated with vitreousness. Feeding cows with 66% vitreous endosperm maize 
reduced ruminal starch digestion by 19.1% (Allen et al., 2008). In addition, in vitro starch 
degradation of maize kernels at all incubation times was significantly influenced by the type of 
endosperm (Ali et al., 2014). Therefore, a non-vitreous endosperm with higher starch content 
would result in a higher starch degradability. 
QTL hotspots associated with starch degradability 
In total, 15 major QTL were identified for the investigated starch degradability traits, and 
seven hotspots were observed with more than five colocalizing QTL (Table S1). As there are close 
correlations among all investigated trait combinations (Table 3), it is not surprising to see major 
QTL associated with most traits located in the same hotspots, such as bins 2.02-03, 3.05, 4.05-06, 
7.03, and 7.04-05. Additional minor QTL clusters in bins 2.01-02, 4.05-06, 1.08-09, 9.02, and 
10.06-07 also affected more than one trait for characteristics of image analysis and/or gas 
production. Genes associated with soft and opaque endosperm are located in these QTL clusters, 
such as opaque-endosperm small germ1 and soft endosperm 5 (sen5, bin 2.02), sen1 (bin 3.05), 
sugary3 (su3, bin 4.05), and sen2 (bin 7.03). An important region of the genome was bin 3.05, 
where QTL for PGEG, PFEG, PHEG, PFE, HE, VITR co-located. QTL for forage maize stover 
quality and agronomic traits including in vitro digestibility of organic matter, neutral detergent 
fibre, digestibility of NDF, plant height and days from planting to silking were also identified in 
this region (Leng et al., 2018a, b). QTL for floury endosperm, such as flouryN1426, roughN1060, 
and roughN1105A, were identified in bin regions 2.02-03, 3.05, 4.05-06 and 10.06. In the floury 
endosperm, starch granules are spherical, less aggregated and surrounded by air space (Gibbon et 
al., 2003), where enzymes can diffuse easily (Osorio-Díaz et al., 2011). In bin 7.05, opaque 
endosperm15 was reported to be associated with reducing the 27-kDa γ-zein mRNA and protein 
and considered to be a opaque2 modifier factor in QPM (quality protein maize) (Lopes et al. 1995, 
Dannenhoffer et al. 1995). Modifier genes have been described that convert the soft endosperm of 
opaque2 mutants to a hard, vitreous phenotype. The o2 mutant with a starchy endosperm 
phenotype can be modified to create a vitreous QPM by o2 modifiers (Holding et al., 2008), which 
might lead to reduced starch degradability. In the bin regions 1.03 and 9.03, QTL for grain hardness 
characteristics were also identified and partially co-aggregated with candidate genes for opaque or 
waxy endosperm or different zeins Séne et al. (2001). 
Candidate genes consistency with known starch metabolism pathway 
The type of corn endosperm determines the ruminal starch degradability. However, no gene 
was found to be associated with type of endosperm, i.e., floury and hard endosperm. Starch can be 
degraded by hydrolysis or phosphorolysis with enzymes including Amylase and debranching 
enzymes. In this study, su1 gene (GRMZM2G138060) encoding a starch debranching enzyme 
located in our QTL hotspot bin 4.05, which was responsible for PGEG, PFEG, PHEG, PFE, HE, 
VITR, and GP2, 8, 12, 24, 32, 48.  Su1 is a determinant of starch composition in maize kernels 
leading to reduced branch starch and wrinkled kernel with a glassy endosperm (James et al., 1995; 
Dinges et al., 2001). Cells of the glassy endosperm are closely arranged and the gaps of the 
amyloplast are filled with large numbers of proteins forming a matrix, which could be negatively 
correlated with starch degradability (Philippeau et al., 2000). Another QTL hotspot for all the 
investigated traits is bin 10.06. The opaque endosperm7 (o7, GRMZM2G074759) gene is located 
in bin 10.06, encoding acyl-CoA synthetase-like protein, affecting endosperm metabolism, 
resulting in a floury opaque kernels. o7 affects the development of maize endosperm due to 
reduced starch content and represses the lower molecular weight α-zeins including 10-, 19-, and 
27-kDa γ-zeins (Hartings et al., 2011). SSI (starch synthase I, GRMZM2G129451) is located in 
bin 9.02, and is the main starch synthase for amylopectin. Previous research indicated that SSI is 
not directly regulated by O2 but its protein level is dramatically decreased in o2 mutants. This 
leads to reduction of starch synthesis (Zhang et al., 2016). Additionally, other genes related to 
kernel development like GRMZM2G006964 (gibberellin 2-oxidase2, bin 2.03), 
GRMZM2G140107 (sucrose phosphate synthase2, bin 3.05), and GRMZM2G110851 (defective 
kernel2, bin 1.08), are also located in identified QTL hotspots. 
Conclusions 
Kernel vitreousness can be used as a simple screening method for ruminal and total starch 
degradation. For a final validation, in vivo studies are necessary to evaluate the appropriate levels 
of ruminal versus post-ruminal starch degradation to maximize overall energy obtained from 
silage. In addition, the genotypic differences and heritabilities were high, so that modification of 
proportions of hard and soft endosperm and subsequent changes in starch degradability by 
breeding is promising. 
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Fig. 1. Image analysis. Cutting corn kernels (A) and area calculation of different endosperm 
parts and seedling (B). 
  
Fig. 2. Distribution of all traits in the FD population 
 
PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total 
grain area; PHEG: percentage of the hard endosperm of total grain area; PFE: percentage of the floury 
endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface; GP: Gas production in ml/200 mg dry matter.  
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Table 1. Mean values, least significant differences (LSD 5%), minimum and maximum values of starch degradability 
characteristics over two years of the FD population. 
 
Trait# Bernburg Grucking   MW LSD 5% Min. Max. AS06‡ AS08‡ 
PGEG 18.28 18.55 18.42 0.76 15.86 20.52 20.08 16.73 
PFEG 34.70 39.32 37.01 4.97 23.90 55.02 27.12 50.05 
PHEG 45.96 42.32 44.14 4.03 31.59 53.81 51.32 34.99 
PFE 43.15 47.85 45.50 5.24 32.41 62.50 35.26 58.95 
PHE 57.19 52.03 54.61 5.51 37.33 67.60 64.57 41.03 
VITR 1.44 1.19 1.31 0.27 0.48 1.93 1.79 0.65 
GP2$ 6.42 6.56 6.49 0.39 5.7 7.36 5.97 6.67 
GP4  10.06 10.55 10.30 0.47 9.03 11.22 9.47 10.63 
GP8  21.37 22.15 21.76 1.04 19.31 23.52 19.49 22.75 
GP12  34.93 35.75 35.34 1.29 31.34 38.27 31.85 37.24 
GP24  68.03 68.00 68.02 1.17 63.81 71.28 64.45 70.22 
GP32  75.23 74.80 75.01 1.04 71.72 78.28 72.72 77.07 
GP48  79.85 79.67 79.76 0.84 77.13 82.71 77.76 81.63 
 
# PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard 
endosperm of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard 
endosperm of total endosperm surface. 
$ Gas production in ml/200 mg dry matter. 
Table 2. Estimates of variance components, heritabilities (h²), and 95% confidence intervals of heritabilities (CI) for starch 
degradability characteristics of the FD population. 
Trait# 
Source of variation 
h2 CI 
σ2g σ2ge σ2 
PGEG 0.52** 0.07** 0.08 0.87 84.2-90.0 
PFEG 22.97** 3.65** 2.73 0.88 84.7-90.3 
PHEG 15.19** 2.25** 1.94 0.88 84.8-90.4 
PFE 25.57** 3.73** 3.37 0.88 84.7-90.3 
PHE 25.68** 4.06** 3.77 0.87 83.4-89.5 
VITR 0.06** 0.01** 0.01 0.86 82.1-88.7 
GP2$ 0.07** 0.02** 0.02 0.79 73.1-83.0 
GP4  0.12** 0.04** 0.02 0.80 75.5-84.5 
GP8  0.54** 0.19** 0.09 0.80 74.2-83.7 
GP12  1.42** 0.30** 0.13 0.87 83.5-89.6 
GP24  1.61** 0.20** 0.15 0.90 87.5-92.1 
GP32  0.94** 0.12** 0.16 0.87 83.7-89.7 
GP48  0.74** 0.10** 0.08 0.89 86.2-91.3 
# PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard endosperm 
of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface. 
$ Gas production in ml/200 mg dry matter. 
  
Table 3. Coefficients of phenotypic (above diagonal) and genotypic (below diagonal) correlation between starch degradability 
characteristics of the FD population. 
Trait
# 
PGEG PFEG PHEG PFE PHE VITR GP2$ GP4 GP8 GP12 GP24 GP32 GP48 
PGEG   -0.69** 0.53** -0.61** 0.61** 0.57** -0.29** -0.59** -0.64** -0.73** -0.72** -0.93** -0.95** 
PFEG  -0.73++  -0.96** 0.98** -0.98** -0.97** 0.51** 0.58** 0.69** 0.75** 0.74** 0.66** 0.70** 
PHEG  0.57++ -0.97++  -0.99** 0.99** 0.97** -0.53** -0.54** -0.66** -0.70** -0.70** -0.50** -0.54** 
PFE  -0.64++ 0.99++ -0.99++  -1.00** -0.99** 0.51** 0.55** 0.66** 0.72** 0.73** 0.57** 0.61** 
PHE  0.65++ -0.99++ 0.99++ -1.00++  0.99** -0.49** -0.54** -0.66** -0.72** -0.73** -0.58** -0.62** 
VITR  0.61++ -0.97++ 0.98++ -0.99++ 0.99++  -0.48** -0.50** -0.63** -0.69** -0.71** -0.55** -0.58** 
GP2$  -0.33++ 0.62++ -0.63++ 0.62++ -0.60++ -0.59++  0.77** 0.77** 0.72** 0.65** 0.35** 0.40** 
GP4  -0.66++ 0.67++ -0.63++ 0.65++ -0.64++ -0.59++ 0.79++  0.86** 0.81** 0.70** 0.54** 0.59** 
GP8  -0.73++ 0.77++ -0.74++ 0.76++ -0.76++ -0.72++ 0.81++ 0.88++  0.96** 0.86** 0.65** 0.69** 
GP12  -0.79++ 0.81++ -0.76++ 0.79++ -0.79++ -0.75++ 0.74++ 0.81++ 0.97++  0.94** 0.79** 0.80** 
GP24  -0.76++ 0.80++ -0.76++ 0.79++ -0.79++ -0.78++ 0.67++ 0.72++ 0.90++ 0.96++  0.79** 0.77** 
GP32  -0.95++ 0.71++ -0.56++ 0.63++ -0.64++ -0.60++ 0.37++ 0.58++ 0.71++ 0.82++ 0.81++  0.97** 
GP48  -0.95++ 0.74++ -0.59++ 0.65++ -0.66++ -0.62++ 0.45++ 0.67++ 0.77++ 0.85++ 0.80++ 0.99++  
# PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard endosperm 
of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface. 
* , **  Significant at P = 0.05 and P = 0.01 (F-Test). 
++ Significant at P = 0.01 (F-Test). 
$ Gas production in ml/200 mg dry matter.  
Table 4. Number of QTL, variance components and proportion of phenotypic (r²p) and genotypic variance (r²g), which is 
explained by all QTL, for starch degradability characteristics of the FD population. 
      
Trait# Number of QTL F QTL  E r²p r²g 
PGEG 6 0.53** 0.00* 38.2 32.7 
PFEG 8 22.85** 0.68** 75.2 49.4 
PHEG 8 15.14** 0.34** 63.6 45.9 
PFE 9 25.28** 0.74** 73.8 48.7 
PHE 8 25.39** 0.87** 69.4 48.1 
VITR 8 0.06** 0.00** 64.2 48.0 
GP2$  7 0.07** 0.00** 70.8 46.7 
GP4  8 0.13** -0.00 57.1 46.9 
GP8  7 0.56** -0.02 57.4 53.0 
GP12  9 1.46** -0.05 76.5 55.3 
GP24  7 1.62** -0.02 59.1 42.0 
GP32  8 0.96** -0.01 59.4 42.0 
GP48  8 0.76** 0.00 44.8 36.7 
# PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard endosperm 
of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface. 
* , ** Significant at P = 0.05 and P = 0.01 (F-Test). 
$ Gas production in ml/200 mg dry matter. 
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Table S1. Statistical parameters of NIRS calibration for the determination of characteristics associated with the starch quality 
of corn kernels. 
Trait# No Mean Minimum Maximum  SEC R² K SECV R²V   
PGEG  157 17.83 9.85 24.45 2.12 0.31 2.17 0.30 
PFEG  166 38.70 20.11 59.06 3.72 0.78 4.59 0.67 
PHEG  161 43.16 29.37 55.08 3.12 0.77 3.88 0.65 
PFE  162 47.23 29.57 65.79 3.74 0.81 4.67 0.70 
PHE  159 52.94 34.21 70.43 3.58 0.82 4.52 0.71 
VITR  159 1.22 0.48 2.44 0.19 0.78 0.23 0.69 
GP2$  165 6.64 4.75 8.57 0.54 0.51 0.62 0.34 
GP4  171 10.30 7.30 13.23 0.81 0.37 0.88 0.25 
GP8  170 21.84 17.69 25.79 1.01 0.62 1.12 0.53 
GP12  160 35.70 30.59 40.48 1.10 0.77 1.24 0.71 
GP24  161 67.42 60.39 73.89 1.26 0.72 1.41 0.64 
GP32  124 75.09 69.14 79.66 1.73 0.37 1.76 0.35 
GP48  114 79.84 73.60 85.38 1.91 0.29 1.96 0.26 
# PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard endosperm 
of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface. 
 3
$ Gas production in ml/200 mg dry matter. 
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1 86 82-98 phi00001 1.03 bnlg2238 1.04 7.50 6.3 -0.173 -0.186 -0.171 
1 176 162-188 bnlg1025 1.07 bnlg1643 1.08 3.88 4.0 -0.132 -0.140 -0.118 
2 12 2-34 bnlg1092 2.01 bnlg1017 2.02 5.58 7.9 -0.212 -0.201 -0.235 
3 82 76-86 MA003483 3.05 MA003699 3.05 7.60 5.0 -0.172 -0.146 -0.204 
4 12 6-20 MA003326 4.05 umc01329 4.06 8.86 9.6 -0.219 -0.210 -0.225 
7 78 58-96 umc01251 7.04 phi00082 7.05 5.08 5.4 -0.206 -0.223 -0.161 
PFEG  
1 60 48-64 bnlg1178 1.02 MA003302 1.02 4.65 5.3 -1.453 -1.328 -1.508 
1 74 70-78 MA003665 1.03 bnlg0147 1.03 5.12 6.5 1.609 1.521 1.709 
2 24 10-40 bnlg1017 2.02 bnlg1537 2.03 7.23 11.0 1.479 1.589 1.384 
3 78 74-82 MA003690 3.05 MA003483 3.05 5.07 7.4 1.108 1.090 1.156 
4 14 6-22 MA003326 4.05 umc01329 4.06 11.39 16.2 1.790 1.873 1.823 
7 70 58-86 umc01251 7.04 phi00082 7.05 8.27 16.7 2.007 1.898 2.015 
9 38 30-44 bnlg1401 9.02 MA003480 9.02 5.94 6.7 1.057 0.788 1.476 
10 80 62-100 phi00035 10.06 bnlg1360 10.07 4.14 5.4 1.110 0.852 1.256 
PHEG  
2 24 10-40 bnlg1017 2.02 bnlg1537 2.03 6.86 7.6 -1.020 -1.072 -0.897 
2 88 86-94 MA003662 2.04 phi00092 2.05 3.46 4.2 -0.686 -0.607 -0.812 
3 78 74-82 MA003690 3.05 MA003483 3.05 4.40 7.5 -0.935 -0.932 -0.931 
4 20 10-26 MA003326 4.05 umc01329 4.06 5.25 8.7 -1.039 -1.064 -1.109 
7 70 58-86 umc01251 7.04 phi00082 7.05 8.93 17.8 -1.743 -1.665 -1.775 
8 94 72-108 bnlg0240 8.06 bnlg1056 8.08 3.05 1.8 -0.522* -0.499 -0.579 
 5
9 36 30-44 bnlg1401 9.02 MA003480 9.02 7.85 9.4 -1.086 -0.882 -1.422 
10 84 70-100 phi00035 10.06 bnlg1360 10.07 5.90 6.6 -1.019 -0.852 -1.129 
PFE  
1 60 48-66 bnlg1178 1.02 MA003302 1.02 3.70 3.4 -1.235 -1.100 -1.306 
1 74 70-78 MA003665 1.03 bnlg0147 1.03 3.75 4.7 1.452 1.388 1.466 
2 28 12-42 bnlg1017 2.02 bnlg1537 2.03 7.34 9.7 1.587 1.672 1.467 
2 88 86-94 MA003662 2.04 phi00092 2.05 4.14 3.6 0.810 0.719 0.971 
3 78 74-82 MA003690 3.05 MA003483 3.05 5.51 8.6 1.281 1.270 1.298 
4 18 10-26 MA003326 4.05 umc01329 4.06 8.33 11.6 1.579 1.600 1.707 
7 66 58-84 umc01251 7.04 phi00082 7.05 8.69 17.3 2.025 1.930 2.075 
9 38 30-44 bnlg1401 9.02 MA003480 9.02 6.74 8.9 1.309 1.022 1.750 
10 88 70-100 phi00035 10.06 bnlg1360 10.07 4.22 6.0 1.188 0.915 1.414 
PHE  
1 84 82-96 phi00001 1.03 bnlg2238 1.04 4.50 4.6 -1.174 -1.195 -1.177 
2 24 10-38 bnlg1017 2.02 bnlg1537 2.03 8.21 10.4 -1.539 -1.620 -1.453 
2 92 86-94 phi00092 2.05 bnlg1138 2.06 4.56 4.4 -0.893 -0.742 -1.130 
3 78 74-82 MA003690 3.05 MA003483 3.05 3.33 8.9 -1.330* -1.299 -1.326 
4 18 10-26 MA003326 4.05 umc01329 4.06 7.23 10.3 -1.494 -1.492 -1.650 
7 60 58-80 umc01134 7.03 umc01251 7.04 11.29 16.0 -1.803 -1.703 -1.880 
9 40 32-44 MA003480 9.02 MA003415 9.03 6.92 8.1 -1.226 -0.943 -1.674 
10 84 68-100 phi00035 10.06 bnlg1360 10.07 4.99 6.7 -1.319 -1.008 -1.574 
VITR  
1 86 82-98 phi00001 1.03 bnlg2238 1.04 3.31 3.8 -0.051n -0.045 -0.057 
2 28 14-42 bnlg1017 2.02 bnlg1537 2.03 7.15 8.7 -0.073 -0.080 -0.065 
2 92 86-94 phi00092 2.05 bnlg1138 2.06 4.32 3.6 -0.039 -0.032 -0.049 
3 78 74-82 MA003690 3.05 MA003483 3.05 4.19 11.1 -0.072 -0.073 -0.069 
4 16 10-26 MA003326 4.05 umc01329 4.06 6.75 10.6 -0.073 -0.071 -0.082 
 6
7 60 58-78 umc01134 7.03 umc01251 7.04 10.54 15.0 -0.083 -0.077 -0.090 
9 36 28-44 bnlg1401 9.02 MA003480 9.02 6.35 7.4 -0.059 -0.044 -0.084 
10 84 64-100 phi00035 10.06 bnlg1360 10.07 3.36 4.0 -0.049 -0.033 -0.065 
GP2$  
2 122 106-134 umc01108 2.07 MA003718 2.07 4.58 6.6 0.067 0.073 0.066 
4 18 14-22 MA003326 4.05 umc01329 4.06 19.97 19.1 0.124 0.136 0.115 
5 80 74-90 4clxxd01 5.04 umc01502 5.05 4.78 12.2 -0.096 -0.089 -0.104 
7 14 6-22 bnlg1292 7.01 bnlg1200 7.01 12.32 14.0 0.106 0.128 0.078 
8 40 34-42 c4hxxxs1 8.04 bnlg0666 8.05 5.25 6.7 0.115 0.143 0.086 
8 52 50-56 MA003422 8.05 bnlg0240 8.06 3.43 5.1 -0.101 -0.107 -0.105 
9 44 38-50 MA003415 9.03 MA003325 9.03 3.24 2.7 0.040 0.043 0.044 
10 110 102-114 MA003685 10.06 MA003661 10.07 3.73 4.4 0.051 0.078 0.022 
GP4  
4 24 22-32 umc01329 4.06 bnlg1784 4.07 14.22 13.6 0.123 0.137 0.113 
5 68 62-76 MA003682 5.03 MA003667 5.03 3.74 12.6 -0.117 -0.120 -0.115 
7 30 24-40 bnlg1792 7.02 bnlg1808 7.02 10.41 12.5 0.117 0.124 0.096 
7 120 94-128 umc01251 7.04 phi00082 7.05 5.43 4.3 0.066 0.055 0.081 
8 14 12-18 bnlg1067 8.03 bnlg1834 8.03 4.17 1.6 -0.053* -0.044 -0.067 
8 38 26-42 c4hxxxs1 8.04 bnlg0666 8.05 5.56 6.2 0.110 0.125 0.089 
9 54 48-66 phi00032 9.04 umc01733 9.06 3.49 2.7 0.051 0.046 0.071 
10 74 54-96 phi00035 10.06 bnlg1360 10.07 3.25 3.6 0.069 0.093 0.025 
GP8  
1 100 98-114 bnlg2086 1.04 bnlg2086 1.05 3.14 4.5 0.138 0.137 0.149 
2 18 4-36 bnlg1092 2.01 bnlg1017 2.02 3.31 6.2 0.167 0.167 0.142 
4 16 6-24 MA003326 4.05 umc01329 4.06 6.96 9.9 0.224 0.247 0.193 
5 68 62-74 MA003682 5.03 MA003667 5.03 7.02 10.2 -0.217 -0.222 -0.220 
7 28 22-42 bnlg1792 7.02 bnlg1808 7.02 7.71 9.0 0.212 0.220 0.164 
 7
8 40 36-42 c4hxxxs1 8.04 bnlg0666 8.05 6.24 9.1 0.200 0.232 0.152 
10 76 56-90 phi00035 10.06 bnlg1360 10.07 6.21 8.5 0.232 0.262 0.158 
GP12  
1 92 82-100 bnlg2238 1.04 bnlg2086 1.05 3.54 7.4 0.272 0.277 0.290 
1 180 164-192 bnlg1643 1.08 phi00011 1.09 3.79 5.8 0.238 0.218 0.270 
2 20 8-36 bnlg1017 2.02 bnlg1537 2.03 7.74 11.2 0.332 0.347 0.304 
4 14 6-22 MA003326 4.05 umc01329 4.06 8.69 11.3 0.349 0.381 0.301 
5 66 62-74 MA003688 5.02 MA003682 5.03 4.24 5.7 -0.233 -0.211 -0.259 
7 26 22-38 bnlg1792 7.02 bnlg1808 7.02 4.21 13.6 0.379 0.392 0.304 
8 42 40-46 bnlg0666 8.05 MA003422 8.05 7.85 10.3 0.320 0.366 0.241 
9 66 48-82 phi00032 9.04 umc01733 9.06 4.06 4.6 0.241 0.232 0.248 
10 86 72-100 phi00035 10.06 bnlg1360 10.07 6.19 6.6 0.289 0.348 0.191 
GP24  
1 102 98-112 bnlg2086 1.05 MA003701 1.05 6.56 6.6 0.288 0.330 0.270 
1 180 162-192 bnlg1643 1.08 phi00011 1.09 3.07 4.7 0.246 0.245 0.219 
2 16 8-32 bnlg1092 2.01 bnlg1017 2.02 9.59 10.5 0.387 0.425 0.333 
4 12 6-18 MA003326 4.05 umc01329 4.06 12.34 12.3 0.410 0.443 0.353 
7 80 58-104 umc01251 7.04 phi00082 7.05 3.56 11.8 0.528 0.532 0.531 
8 40 30-46 c4hxxxs1 8.05 bnlg0666 8.05 3.11 10.7 0.366 0.411 0.303 
10 92 72-100 phi00035 10.06 bnlg1360 10.07 3.11 2.5 0.185 0.218 0.136 
GP32  
1 86 82-98 phi00001 1.03 bnlg2238 1.04 7.79 7.7 0.248 0.262 0.245 
1 178 170-186 bnlg1643 1.08 phi00011 1.09 6.61 6.9 0.231 0.244 0.202 
2 10 0-18 bnlg1092 2.01 bnlg1017 2.02 7.88 10 0.310 0.309 0.319 
2 150 138-152 dupssr24 2.08 bnlg1520 2.09 4.89 8.5 0.277 0.288 0.253 
4 12 6-20 MA003326 4.05 umc01329 4.06 8.87 10.9 0.302 0.313 0.298 
7 38 22-50 bnlg1808 7.02 bnlg1070 7.03 4.63 6.8 0.236 0.247 0.197 
 8
9 8 0-22 bnlg1583 9.01 dupssr06 9.02 4.86 4.4 -0.240 -0.275 -0.202 
9 40 32-44 MA003480 9.02 MA003415 9.03 4.37 4.2 0.199 0.195 0.216 
GP48  
1 178 168-188 bnlg1643 1.08 phi00011 1.09 4.69 4.9 0.174 0.187 0.150 
2 12 2-38 bnlg1092 2.01 bnlg1017 2.02 5.63 7.1 0.229 0.228 0.240 
2 148 136-152 dupssr24 2.08 bnlg1520 2.09 4.91 7.8 0.243 0.243 0.248 
4 12 6-20 MA003326 4.05 umc01329 4.06 10.05 11.8 0.286 0.285 0.303 
7 38 22-52 bnlg1808 7.02 bnlg1070 7.03 3.52 5.3 0.186 0.201 0.141 
9 8 0-22 bnlg1583 9.01 dupssr06 9.02 4.41 3.3 -0.191 -0.229 -0.146 
9 38 30-44 bnlg1401 9.02 MA003480 9.02 3.94 3.2 0.164 0.148 0.199 
10 66 52-84 phi00035 10.06 bnlg1360 10.07 3.53 1.4 0.098* 0.062 0.122 
PGEG: percentage of the germ area of total grain area; PFEG: percentage of the floury endosperm of total grain area; PHEG: percentage of the hard endosperm 
of total grain area; PFE: percentage of the floury endosperm surface of the entire endosperm; PHE: percentage of area of the floury hard endosperm of total 
endosperm surface. 
# Position on the chromosome in cM in distance from the first marker. 
$ Gas production in ml/200 mg dry matter. 
§ proportion of phenotypic variance that is explained by the QTL. 
‡ Additive effect of the QTL. 
n Effect not significant. 
*  Effect significant at P = 0.05 (F-test), no star - significant at P = 0.01 (F-test). 
bin bin position of the marker. 
